QUASAR is a particular application of the ASL method and facilitates the user-independent quantification of brain perfusion. The purpose of this study was to assess the intermodality agreement of TBF measurements obtained with ASL and DSC MR imaging and the interand intraobserver reproducibility of glioma TBF measurements acquired by ASL at 3T.
ABBREVIATIONS:
AIF ϭ arterial input function; ASL ϭ arterial spin-labeling; DSC ϭ dynamic susceptibility contrast-enhanced; ICC ϭ intraclass correlation coefficient; QUASAR ϭ quantitative STAR labeling of arterial regions; QUIPPS ϭ quantitative imaging of perfusion using a single subtraction; rCBF ϭ relative cerebral blood flow; rCBV ϭ relative cerebral blood volume; sTBF ϭ standardized TBF; TBF ϭ tumor blood flow P erfusion MR imaging with the DSC method is widely used to assess the perfusion of gliomas and the degree of tumor angiogenesis, an important marker for tumor grading, therapeutic response, and prognosis of patients with these tumors. [1] [2] [3] [4] [5] [6] [7] Perfusion MR imaging with ASL is another method to measure perfusion; magnetically labeled blood water is the endogenous tracer. 8, 9 This technique has been used to evaluate perfusion in pathologic conditions. 10, 11 The usefulness of perfusion MR imaging with ASL for the assessment of brain tumor angiogenesis and glioma grading [12] [13] [14] [15] has been evaluated. The application of ASL has been restricted to specialty centers due to its low signal intensity-to-noise ratio and potential issues involving user-dependent analyses in the acquisition of quantitative rCBF measurements. 16, 17 QUASAR is a particular application of the ASL method; it facilitates the user-independent quantification of rCBF and yielded good reproducibility in healthy volunteers. 16, 17 To our knowledge, the reliability and reproducibility of glioma perfusion values obtained by ASL with QUASAR have not been reported. We evaluated the intermodality agreement of TBF measurements obtained with QUASAR and DSC MR imaging and the inter-and intraobserver reproducibility of glioma TBF measurements acquired by QUASAR at 3T.
Materials and Methods

Patients
The institutional review board of Kumamoto University Hospital approved this retrospective study and waived patient informed consent for the use of their MR images. This study included 24 consecutive patients with histologically proved supratentorial gliomas; their initial preoperative MR images were used. Tissues for histologic analysis were obtained at stereotactic biopsy or tumor resection. All gliomas were classified according to the 2007 World Health Organization brain tumor classification. 18 Histopathologically, 18 tumors were glioblastomas, 2 each were anaplastic oligodendrogliomas and oligoastrocytomas, and 1 each was an anaplastic astrocytoma and a diffuse astrocytoma. The patients were 14 men and 10 women; their mean age was 58.4 years Ϯ 16.6 (range, 31-81 years).
MR Imaging Protocol
Conventional MR Imaging and DSC Perfusion MR Imaging. All DSC perfusion MR imaging studies were performed on a 3T MR imaging system (Magnetom Trio, A Tim; Siemens, Erlangen, Germany) by using a 12-channel head coil. Before DSC perfusion MR imaging, conventional transverse T1-weighted (TR/TE, 600/8.5 ms), T2-weighted (TR/TE, 3600/96 ms; echo-train length, 7), and fluidattenuated inversion recovery (TR/TE, 10 000/120 ms; TI, 2800 ms) sequences were performed at a section thickness of 5 mm.
A preloading dose of gadopentate dimeglumine (Magnevist, 0.06 mmol/kg of body weight; Bayer-Schering, Berlin, Germany) was injected before DSC scan acquisition to correct for T1-weighted leakage effects that might result in TBF underestimation. 19 DSC perfusion MR imaging was performed during the injection of a bolus of gadopentate dimeglumine (Magnevist, 0.07 mmol/kg body weight) at a rate of 3 mL/s through a 20-ga intravenous catheter; this was immediately followed by a bolus injection of saline (3 mL/s, total 20 mL ASL Perfusion MR Imaging. ASL perfusion MR imaging studies were performed 1-7 days later (mean, 3 days). All ASL perfusion MR imaging studies were on a 3T MR imaging unit (Achieva 3T; Philips Healthcare, Best, the Netherlands) by using an 8-channel head-array receiving coil for sensitivity encoding parallel imaging. ASL was with the application of QUASAR, a multisection multiple-timepointsϪcapable ASL sequence based on pulsed ASL principles. 16 Details on the sequence and the calculation of the perfusion parameters have been described elsewhere. 16 Both labeling and control experiments were preceded by a saturation pulse; QUIPSS II-type bolus saturation was applied during Look-Locker sampling. 20, 21 In addition, both crushed and noncrushed control-label pairs were acquired in an interleaved manner on a voxel-by-voxel basis for AIF. 16 On the basis of conventional MR imaging results, we selected 7 transverse sections through the tumor for our ASL studies. The imaging parameters for the ASL sequence with QUASAR were the following: TR/TE, 3000/24 ms; flip angle, 30°; sensitivity encoding factor, 2.5; FOV, 23 ϫ 23 cm; matrix, 64 ϫ 64; in-plane resolution, 3.59 ϫ 3.59 mm; and section thickness/gap, 6/2 mm. The first labeling delay time (TI 1 ) of the multiple-time-points ASL sequence was 40 ms; 7 different phase data were acquired at 7 different labeling delay time points every 250 ms (⌬TI ϭ 250 ms). A total of 49 images, labeled subtracted from nonlabeled images, were obtained. The labeling slab thickness was 150 mm; it was positioned at the level of the upper cervical region. The total acquisition time was 5 minutes 52 seconds.
The ASL imaging data were transferred to an off-line workstation (Precision 530; Dell, Round Rock, Texas); Philips Research Imaging Development Environment software (Philips Healthcare) was used for constructing rCBF maps.
Image Evaluation
Two board-certified radiologists (T.O. and M.K. with 21 and 18 years of experience in neuroradiologic MR imaging, respectively) independently evaluated the conventional MR imaging, DSC, and ASL perfusion MR imaging data on a PACS workstation; they were blinded to the clinical and histopathologic results. Each observer participated in 3 review sessions held at 4-week intervals. In the first session, conventional MR imaging and DSC rCBF maps were evaluated with built-in software on the PACS workstation. In the second and third sessions, conventional MR images and ASL rCBF maps were assessed on the same PACS workstation, and ASL rCBF maps were analyzed with ImageJ software (National Institutes of Health, Bethesda, Maryland). The software allowed the enlargement of regions of special interest in any given spatial orientation. To minimize confounding factors in the TBF analysis, the region-of-interest size in the lesion and contralateral normal brain was kept constant (radius ϭ 1 pixel of the ASL image, 3.6 mm) on both ASL and DSC images. Each observer placed 5 regions of interest within solid tumor components where it was thought that high rCBF values would be found; they also placed 1 region of interest in the contralateral reference brain on ASL and DSC rCBF maps (Fig 1) . The rCBF values in all regions of interest were recorded. To place the region of interest correctly in the solid portion of the tumor while avoiding volume-averaging with normal vessels that influence rCBF values, the observers carefully inspected conventional MR images. The maximum sTBF value was calculated as the highest rCBF in the solid tumor divided by the rCBF in the contralateral reference brain. Average sTBF values were calculated as the mean of 5 rCBFs in the solid tumor divided by the rCBF in the contralateral reference brain.
Statistical Analysis
The difference in maximum and average sTBF values on DSC and ASL images was evaluated with the paired t test. To assess the presence of any systematic bias in the sTBF measurements on repeated ASL scans, we compared sTBF values on the first and second ASL scans, by using the paired t test.
For each DSC imaging pair, interobserver agreement was assessed with the ICC. 22, 23 To determine the intermodality agreement of sTBF measurements, we averaged the observers' measurements of maximum and average sTBF values on DSC images and used these as representative DSC imaging data. For each ASL imaging pair, intraand interobserver agreement was assessed with the ICC, in which ICC Ͻ 0.40 ϭ poor, 0.40 -0.59 ϭ fair, 0.60 -0.74 ϭ good, and ICC Ͼ 0.74 ϭ excellent. 22 The intermodality agreement of sTBF measurements was evaluated with the ICC; the difference in ICCs was compared by using the Z-test. 24, 25 To estimate the magnitude of changes in the sTBF value that can be detected confidently in a single individual, the 95% limits of agreement between the sTBF value measured on the first and second ASL image sets were obtained by using the Bland-Altman method 26 ; the results were expressed as a percentage of mean sTBF values. For the DSC image sets, we also obtained the 95% limits of agreement in the sTBF values recorded by the 2 readers by using the Bland-Altman method. Statistical analyses were with commercial software (Statistical Package for the Social Sciences, Version 18, SPSS, Chicago, Illinois; MedCalc for Windows, MedCalc Software, Mariakerke, Belgium). A P value Ͻ .05 was considered to indicate significant differences.
Results
Twenty-four target lesions in 24 patients (1 lesion per patient) were evaluated. The mean diameter of the lesions was 47.4 Ϯ 15.1 mm (range, 20.1-86.3 mm); 20 lesions (83.3%) were contrast-enhanced.
The sTBF values of the 24 gliomas are summarized in Table  1 . On DSC images, there was no significant difference in the mean-maximum and average sTBF values recorded by the 2 observers. The ICC with a 95% confidence interval for interobserver agreement on DSC imaging sets was good; it was 0.728 with 0.3706 -0.8822 for maximum sTBF and 0.711 with 0.3329 -0.8752 for average sTBF values. The 95% limits of agreement in maximum and average sTBF values between the 2 observers were 81.5% and 82.9% of the mean sTBF values, respectively. The means of the maximum and average sTBF values, averaging the observers' measurements on DSC images, were 4.042 Ϯ 2.154 and 3.568 Ϯ 2.031, respectively.
Although the mean-maximum sTBF measured by the 2 observers was slightly higher for DSC than ASL images, the differences were not statistically significant (Table 1) . On the other hand, the measured mean average sTBF for observer 2 was significantly higher for DSC than for ASL images (first set, P ϭ .009; second set, P ϭ .004). On the first and second ASL imaging set, there was no significant difference in the meanmaximum and average sTBF recorded by the 2 observers.
The intermodality agreement for maximum and average sTBF measurements on DSC and ASL images was good to excellent; the ICC ranged from 0.718 to 0.884 and from 0.698 to 0.798, respectively (Table 2 ). There was no significant difference in the ICC between DSC and ASL images for either observer. The 95% limits of agreement between sTBF measured on DSC and ASL images ranged from 59.2% to 65.4% of the mean sTBF for maximum sTBF and from 60.1% to 75.2% of the mean sTBF for average sTBF values (Table 2 and Fig 2) .
The intraobserver reproducibility of the maximum and average sTBF measurements on ASL images was excellent; the ICC ranged from 0.843 to 0.850 and from 0.872 to 0.927, respectively (Table 3 ). There was no significant difference in the ICC between the first and second set. The 95% limits of agreement between sTBF measured on repeated ASL images ranged from 39.7% to 58.8% of the mean sTBF for maximum and from 38.0% to 46.0% of the mean sTBF for average sTBF (Fig 3) . The interobserver agreement for maximum and average sTBF measurements on ASL images was good for maximum and average sTBF; the ICC ranged from 0.626 to 0.665 and from 0.622 to 0.643, respectively (Table 4 ). There were no significant differences in the ICC between the 2 observers. The 95% limits of agreement between the sTBFs measured by the 2 observers ranged from 78.7% to 87.0% of the mean sTBF for maximum and from 78.5% to 88.9% of the mean sTBF for average sTBF values (Fig 4) .
Discussion
ASL is a promising tool for assessing tumor angiogenesis and for glioma grading. [12] [13] [14] [15] However, for ASL to be practical in determining changes in tumor rCBF values, the reproducibility of rCBF measurements must be ascertained. We found that the maximum sTBF values measured with ASL by using QUASAR agreed well with the values obtained by DSC perfusion MR imaging; the difference in sTBF values acquired by the 2 methods was within a similar range. Thus, ASL by using A, Intermodality variability for observer 1, first reading, and maximum sTBF measurements. B, Intermodality variability for observer 2, first reading, and maximum sTBF measurements. C, Intermodality variability for observer 1, first reading, and average sTBF measurements. D, Intermodality variability for observer 2, first reading, and average sTBF measurements. E, Intermodality variability for observer 1, second reading, and maximum sTBF measurements. F, Intermodality variability for observer 2, second reading, and maximum sTBF measurements. G, Intermodality variability for observer 1, second reading, and average sTBF measurements. H, Intermodality variability for observer 2, second reading, and average sTBF measurements. Solid lines indicate mean absolute differences (ie, bias); dashed lines, 95% limits of agreement.
QUASAR may represent a reliable technique for evaluating brain tumor perfusion and an alternative to the DSC method in the quantitative evaluation of glioma perfusion. We attribute the good intermodality agreement to the high quality of data obtained with the QUASAR technique.
An earlier study that used 1.5T pulsed ASL performed at a single TI point also showed a high correlation for sTBF measurements on ASL and DSC perfusion maps. 12 However, pulsed ASL with a single TI point may lead to serious errors in the estimation of perfusion due to its sensitivity to the transit time. 16 To render ASL less transit-time sensitive, bolus saturation sequences such as QUIPSS II 20 were developed. The principle of these techniques is to saturate the part of the label that remains within the labeling slab at a time delay that is short enough for the trailing edge of the fastest blood to remain within the inversion slab. However, if the transit-time distribution is wide (as in patients with atherosclerosis), these methods would not work. This problem can be solved by acquiring images at multiple TIs.
The bolus saturation techniques and the acquisition of images at multiple time points as used in the QUASAR sequence render ASL less sensitive to the transit time. In addition, the QUASAR sequence can quantify rCBF user-independently because AIF is calculated automatically voxel-by-voxel based on crushed and noncrushed control-label pairs. 16 The high signal intensity-to-noise ratios on 3T may have also affected our results.
Our data suggest that the 95% limit of agreement in sTBF measurements is slightly greater for interobserver than intraobserver assessments. Despite our attempts for consistent region-of-interest placement, a change in sTBF measurements between 2 observers, amounting to less than approximately 89% of the mean sTBF (ie, 95% limit of agreement), was within the limit of error on ASL images. The change in sTBF between 2 observers on DSC images was also approximately 83% of the mean sTBF values. Wetzel et al, 27 who reported that the limit of error in sTBF on DSC images was relatively high, attributed the relatively large differences between observers in part to noise in both the lesions and the reference regions of interest. Thus, the error limit in our study may also be due to the effect of noise on the measurements.
For both observers, the mean-maximum and average sTBF values were higher on DSC than on ASL images. In 1 observer, there was a significant difference in average sTBF measurements on DSC and ASL images. While we cannot readily explain this, the difference in sTBF measurements between the 2 modalities may be attributable to differences in the characteristics of perfusion MR imaging. Because we used the gradient echoϪtype echo-planar imaging sequence in our DSC study, large arteries would not have been suppressed. 28 On the other hand, on ASL images, large arteries were suppressed by the crusher gradients. 16 Although the observers carefully placed the region of interest inside the solid portion of the tumor while avoiding volume averaging with normal vessels, the signal intensity from large arteries could have affected the results obtained with DSC images.
Although a constant region-of-interest size was used in this study, differences in the section thickness may have affected our results. The section thickness was 6 mm for ASL and 5 mm for DSC images. The partial volume effect of normal brain tissue can be expected to exert a greater effect on ASL images, resulting in a lower signal intensity than on DSC images. Because this effect may be exacerbated with the average sTBF method, for the evaluation of sTBF in gliomas on ASL images, the maximum sTBF method may be more suitable than the average sTBF method.
Although the rCBV is usually used for evaluating the perfusion of gliomas, we used rCBF values. DSC perfusion MR imaging can provide both rCBF and rCBV of the brain. In contrast to DSC perfusion MR imaging, ASL methods measure CBF only. 29 Although attempts have been made to determine CBV with ASL techniques in animal models, they cannot yet be applied in clinical practice. 30, 31 Because earlier reports by using DSC perfusion MR imaging showed a strong correlation between the rCBV and rCBF ratios in high-and lowgrade gliomas, 32, 33 we used rCBF ratios to compare tumor perfusion obtained by DSC and ASL methods. On the basis of our finding that ASL at 3T yielded measurements similar to those of DSC perfusion MR imaging, we suggest that measuring rCBF ratios with ASL at 3T is useful for evaluating the perfusion of gliomas.
ASL ASL has the advantage of being noninvasive; because it also does not require the administration of an extrinsic tracer, there is no contrast medium to affect the physical, chemical, or physiologic properties of the blood. Therefore, ASL may be especially useful in patients with glioma with renal dysfunction because they may be at risk for contrast-related nephro- genic systemic fibrosis 34 and in children in whom the rapid bolus injection of contrast materials into the vein may be difficult.
There are some limitations to this study. First, leakage of gadolinium, which occurs in most high-grade gliomas, may underestimate the rCBF at DSC perfusion MR imaging. 19 Therefore, we used the preload-correction approach, and we posit that the effect of contrast leakage on our DSC perfusion MR imaging was small. Second, CBF quantification on DSC perfusion MR imaging scans depends on the selection of the proper AIF. Although 1 experienced neuroradiologist and 1 technologist carefully selected the AIF manually, its selection on DSC images may have affected the TBF measurements. Third, we cannot rule out bias in the selection of our patients. Although our study population comprised 24 consecutive patients with histologically proved supratentorial gliomas, only 1 patient had a low-grade glioma and 4 lesions were not contrast-enhanced. Consequently, patient selection might have affected our results. Fourth, our study population was relatively small. Nevertheless, because our results were promising, further clinical studies with a larger number of patients with glioma would clarify the value of this technique in a clinical setting.
In conclusion, for the quantitative evaluation of blood flow in gliomas, ASL by using QUASAR at 3T yielded measurements and reproducibility similar to those in DSC perfusion MR imaging. Although the reproducibility of sTBF measurements by maximum and average methods was similar, the measurement method applied may affect the sTBF values of gliomas on ASL images.
